We have been unable to "force" double-stranded RNA to fold into nucleosomelike structures using several different histone-RNA "reconstitution" procedures. Even if the histones are first stabilized in octameric form by dimethylsuberimidate cross-linking they are still unable to form specific complexes with the RNA. Moreover double-stranded RNA is unable to induce histones to assemble into octamers although we confirm that the non-nucleic acid homopolymer, polyglutamic acid, has this ability. We have also determined, using pyrimidine tract analysis, that nucleosomes will not form over a sufficiently long segment of poly(dA)-poly(dT) in a recombinant DNA molecule. Thus nucleosomes cannot fold DNA containing an 80 base pair poly(dA)-poly(dT) segment but a 20 base pair segment can be accommodated in nucleosomes fairly well. Segments of intermediate length can be accommodated but are clearly selected against. Poly(dA)-poly(dT) differs only slightly from natural DNA in helix structure. Therefore either this homopolymer resists folding, or nucleosomes are very exacting in the nucleic acid steric parameters they will tolerate. Such constraints may be relevant to nucleosome positioning in chromatin.
INTRODUCTION
Recently there has been an increasing awareness of the non-uniformity of 1 -8 double-helical structure in nucleic acids of different sequences. The possible physiological significance of sequence dependent variations in struc- [9] [10] [11] [12] [13] ture along a DNA molecule in vivo has attracted considerable attention. We have been interested in the nature of DNA-histone interactions in nucleosomes and the possible role of DNA sequence in specifying nucleosome position.
In this report we show that nucleic acids with double-helical parameters different from those of "average" DNA cannot form nucleosome-like complexes with histones. Moreover, one of these, poly(dA)-poly(dT), prevents nucleosome formation even in cloned form as part of a natural DNA.
The basic features of nucleosome structure are now well established. 1 ' tion step. The ethanol pellet was then dissoved in 2% NaDodS0 4 The principal results to be described are therefore characteristic of both torsionally constrained and unconstrained DNA. Core histone -isolation. Core histones for reconstitution experiments were prepared by several different methods.
Salt-extracted histones for dsRNA reconstitution were prepared from calf thymus nuclei which were isolated as described previously 36 . The nuclei were lysed by suspension in 2 M NaCl, 10 mM Tris, 0.7 mM EDTA, pH 7.5 (phenyl-methylsulfonyl fluoride was also added to the buffer at 1 mM final concentration just before use), and the DNA was pelleted by centrifugation at 50,000 rpm for 24 h at 4°C in a Ti 75 rotor. After final purification of the supernatant over a Sephadex G100 (Pharmacia) column the core histones were concentrated using a Millipore Immersible Separator. The concentration of core histones in 2 M NaCl was determined spectrophotometrically assuming an A278 of 0.45 for 1 mg/ml of core histone. 20 Salt-extracted histones for reconstitutions with the mH2 recombinant RF DNA were prepared by a modification of the hydroxylapatite procedure of Simon and Felsenfeld. 37 This method avoids ultracentrifugation which Philip et al. 3 Acid-extracted histones were prepared using 0.4 N H2SO4 extraction of calf thymus nuclei suspended in distilled water. HI was removed by three extractions with 5% perchloric acid. These histones were dissolved in distilled water.
To obtain cross-linked histone octamers dimethylsuberimidate crosslinked monomer particles were prepared 39 and the histone octamer was then separated from the monomer DNA by virtue of its insolubility in 3 M NaCl. Reconstitution Protocols. Method 1: Salt-extracted histones in 2 M NaCl, 10 mM Tris, 0.7 mM EDTA, pH 7.5 were mixed with an equal mass of nucleic acid which was first adjusted to 2 M NaCl. The mixture, at a DNA concentration of 0.2-0.45 mg/ml, was dialyzed in Spectrapor 1 dialysis tubing. For volumes of -250 yl a microdialysis procedure was used.
Gradient salt dialysis was carried out as described by Tatchell and Van Holde 42 except that the final dialysis was with 3 changes of 50 mM NaCl, 10 mM Tris, pH 8.0. Method 2: Salt-extracted histones were mixed with DNA as described for Method 1. The mixture, with both DNA and histone at a concentration of 0.2 mg/ml, was then dialyzed against a buffer containing 2 M NaCl and 5 M urea, followed by salt/urea gradient dialysis as for Method 3.
Method 3: Acid-extracted core histones (at 11 mg/ml in H2O) were adjusted to pH 7-8 using 0.25 M Na 3 P04, incubated in 1056 B-mercaptoethanol at 37°C for 24 h, adjusted to approximately 5 M urea and 2 M NaCl by adding solid urea crystals and 5 M NaCl, respectively, and then incubated for an additional hour at 37°C. The histones were then added to an equal mass of nucleic acid which had been adjusted to 2 M NaCl, and the mixture (at a DNA concentration of about 0.25 mg/ml) was dialyzed using Spectrapor 1 membrane. Salt/urea gradient dialysis was carried out by the protocol of CameriniOtero et al. 4 Polyaerylamide gel electrophoresis. High molecular weight double-stranded RNA preparations were analyzed on 2.6% polyacrylamide slab gels using the recipe described by Loening.46 Samples were dissolved in 2% NaDodSO^, 15% sucrose, 18 mM Tris, 15 mM sodium phosphate, 0.5 mM EDTA for electrophoresis.
Nondenaturing
4% polyacrylamide gels containing NaDodSO^4 7 ' 36 were used to separate nucleic acid fragments after staphylococcal nuclease digestion. Dimethylsuberimidate-cross-linked histones were electrophoresed on 12% polyacrylamide/NaDodSO^ gels prepared according to Laemmli.'' 8 Polypyrimidine tracts were visualized after autoradiography of 12% polyacrylamide gels containing 7 M urea and 0.1% NaDodSO,. These gels are similar to standard urea denaturing gels except that we have added NaDodSO. in order to reduce nonspecific aggregation and allow the direct electrophores.is of protein-nucleic acid complexes.
RESULTS
Double-Stranded RNA Cannot Form Nucleosomes. We have isolated a 5000 base pair dsRNA from yeast 33 and attempted to complex it with core histones using salt gradient dialysis procedures. Most of the experiments described below were carried out using at least two different reconstitution protocols and with histones prepared by various methods. In no case did the dsRNA yield any reconstituted material resembling nucleosomes. When a dsRNA-histone reconstitution mixture was sedimented in a sucrose gradient the results in Figure 2 were obtained. There was no discrete shift of the dsRNA peak to a heavier position in the gradient, but instead about 50% pelleted under these conditions. (The broadened leading edges of the peaks apparently reflect aggregation of naked dsRNA, since dsRNA purified from fractions at the leading edge and at the peak itself migrate identically when resedimented. This apparent slight aggregation occurs at salt concentrations ranging from 1 mM EDTA to 0.15 M NaCl.) The absence of a discrete shift for the dsRNA-histone mixture is in contrast to the greatly increased sedimentation rates of plasmid DNA-histone complexes over that of free DNA. 21 In order to assay by a different method whether dsRNA can be folded by histones, the dsRNA-histone reconstitution mixture was subjected to staphylococcal nuclease digestion and the RNA was analyzed on a non-denaturing polyacrylamide gel. The results (Fig. 3A) do not indicate protection of any specific-sized band(s) for the reconstitution mixture when compared to that for the purified dsRNA. In both cases nuclease digestion generated a very similar complicated banding pattern on the gel, presumably reflecting specific sequence preferences of this enzyme. The only apparent differences between the reconstituted and the naked RNA digests is a minor decrease in digestion kinetics and a slightly enhanced background for the dsRNA reconsti- tution mixture. In contrast, staphylococcal nuclease digestion of a parallel DNA-histone reconstitute yielded discrete core-sized DNA bands on the DNA gel (Fig. 3B) .
The i n a b i l i t y of the dsRNA-histone reconstitution mixture to yield either a discrete, faster-sedimenting peak in a sucrose gradient or a protected fragment(s) after staphylococcal nuclease digestion provides evidence that dsRNA does not fold around histones to form stable nucleosome-like complexes. We next asked whether dsRNA, like other non-nucleosome forming polyanions (see Discussion), could nevertheless induce core histones to associate into nucleosomal octameric complexes. The NaDodS04 gel in Figure 4A shows that no octamer histone species is formed after cross-linking with dimethyl suberimidate under conditions which give rise to an intense octamer band from a DNA-histone reconstitution mixture. In contrast a similar experiment carried out with the polyanion, polyglutamic acid, did yield a cross-linked histone octamer (Fig. 4B) as f i r s t reported by Stein et a l . I t should be noted that the faint band just inside the resolving gel of dsRNA dsRNA-his Aliquots were removed at time intervals and added to an equal volume of 1 M sodium acetate, pH 5.0 to stop the reaction. Then they were dialyzed against d i s t i l l e d water, lyophilized, and dissolved in 2% NaDodSO.,, 10% glycerol, 5% e-mercaptoethanol, 0.125 M Tris (pH 6.8 ) for analysis on a 12% polyacrylamide/NaDodSO!, gel. For (B), acid-extracted histones we^e f i r s t treated with urea and 3-mercaptoethanol as described previously and then adjusted to 0.15 M NaCl and 0.69 mg/ml of histone with a final addition of an equal mass of sodium polyglutamate (5 mg/ml in H 2 0, Sigma, type I I I -B ) . For the "Histone Only" control, water was added in place of the polyglutamate solution. Cross-linking with dimethylsuberimidate was carried out exactly as described above except that the concentration of dimethyl suberimidate in the reaction mixture was 2.5 mg/ml. The DNA-histone lane in panel (B) is the same sample as used for the 40 min lane in panel (A). The cross-linking experiment using polyglutamate has also been repeated using salt-extracted histones with essentially identical results. When the dsRNA-histone octamer reconstitution mixture was sedimented in a sucrose gradient or digested with staphylococcal nuclease, v i r t u a l l y identical results were obtained as in Figures 2 and 3 (results not shown) . Thus we conclude that dsRNA is not folded into nucleosome-like complexes even when mixed with preformed histone octamers.
DNA-his
Nucleosomes avoid poly(dA)-poly(dT) segments in double-stranded DNA. For our studies we have utilized the double-stranded replicative form (RF) DNA of a recombinant M13 bacteriophage, mH2, which contains long and short homopolymer stretches of poly(dA)-poly(dT) separated by natural DNA (see 6 " * The poly(dT) tracts were shown by pyrimidine tract analysis of the adult M13 singlestranded DNA to be in the orientations illustrated. The base compositions of the three polypyrimidine tracts were verified by pyrimidine tract analysis of RF DNA which had been nick translated with a-32 P-dCTP or a-32 P-dTTP. The "mystery" pyrimidine tracts, x and y (see Fig. 7 and Text), were also confirmed to be poly(dT) by this analysis. We note parenthetically that mH2 contains the lac operator sequence (carried over from M13 mp2) centered at about 40-45 bp to the left of the (dT) 8 In order to determine the extent to which the homopolymer segments can be accomodated in nucleosomal structures, the mH2 DNA was reconstituted with histones by Method 1 (salt extracted histones, salt dialysis), digested briefly with staphylococcal nuclease, and the resulting nucleosome monomers and dimers isolated from sucrose gradients, as shown in Figure 6 , for analysis of their DNA. The DNA was hydrolyzed with formic acid/diphenylamine to 32 liberate polypyrimidine tracts, and these were kinased with y-P-ATP in A .6-SEO. For part (B) the monomer and dimer nucleosomes were labeled with y-32 P-ATP and T4 polynucleotide kinase, followed by electrophoresis on a denaturing gel (6% polyacrylamide, 7 M urea, 0.1% NaDodSOn) and autoradiography. The calibration lane on the left is a mixture of kinased Hpa II and Hha I restriction fragments produced from a piece of lac UV5 DNA. 15 From this gel we estimate the single-strand DNA sizes of our monomer and dimer preparations to be 135 bases ± 10% and 270 bases ± 10% respectively (>90% of the band intensity within the 10% limits).
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order to detect them after electrophoresis on a \2% polyacrylamide gel. The autoradiograph of such an experiment is shown in Figure 7A and scans of each lane are presented in Figure 7B .
From Figures 7A & B it is inmediately apparent that the 80 base poly(dT) tract is scarcely present in either the monomer or dimer nucleosome samples (lanes 2 and 3) although it is, of course, well represented in the original  DNA sample (lane 1) . In contrast, the 20 base poly(dT) and polypyrimidine tracts are almost equally represented in all samples. Essentially the same results are obtained using reconstitution by Method 2 (salt extracted histones, salt-urea dialysis; see Fig. 7C, lanes 1-3) or by Method 3 (acid extracted histones, salt-urea dialysis; not shown). As a control, naked mH2 DNA also was digested with nuclease and analyzed for polypyrimidine tracts. The exclusion of poly(dA)-poly(dT) from nucleosomes is clearly length dependent. The 80 bp poly(dA)-poly(dT) segment appears to be completely excluded from core particles whereas the 20 bp segment is represented at a substantial level (Fig. 7) . Also nucleosome dimers can accommodate the presence of the 80 bp poly(dA)-poly(dT) segment (see Fig. 7C, lane 2 We have found that double-stranded RNA is incapable even of organizing histones into octamer complexes. Single-stranded RNA, in contrast, apparently can organize the histones as shown by its ability to promote octamer-like trypsin resistance in histones 55 and to facilitate chromatin assembly. Also, in one out of three preliminary experiments (unpublished), we obtained histone octamers by dimethylsuberimidate cross-linking in the presence of partially degraded single-stranded RNA.
[The lack of reproducibility is probably related to the subsequent observation of Nelson et a l . 5 6 that the histone-RNA interaction depends critically on a sufficient single-stranded RNA length.] The ionic environment provided by 2M NaCl or by flexible acidic polypeptides also can stabilize the octamer complex ' (Fig. 4) as can single-stranded DNA.
All of these observations are consistent with the proposal that the principal barrier to octamer organization and nucleosome formation by dsRNA is its inert secondary structure and lack of ability to assume appropriate helical parameters. 58 Birnboim et a l .
have shown that natural nucleosomes display no detectable selection against polypyrimidine tracts of mixed sequence regardless of length-Therefore the failure of long poly(dA)-poly(dT) tracts to be incorporated into nucleosomes is apparently a property of the homopolymer sequence specifically and not more generally of the overall purine-pyrimidine asymmetry inherent in the sequence. We also have not noticed any obvious selection in our reconstitutes against the natural 20 bp mixed polypyrimidine sequence contained within the mH2 phage DNA. We do however notice that the ratio of poly(dT)2Q/poly(pyrimidine)2Q is slightly diminished in our reconstitutes compared to the control (e.g. Fig. 7B ), consistent with the notion that these two types of sequence differ in their ability to be folded into nucleosomes.
Length Dependence of poly(dA) •poly (dT) Incorporation into nucleosomes. From Figure 7 i t is evident that the ability of a nucieosome to constrain poly(dA)-poly(dT) depends on the length of the homopolymer tract. The 20 bp tract is fairly efficiently incorporated within core particles whereas the 80 bp tract is not.
We cannot tell from our data whether there is a well defined "cut-off length" between 20 and 80 bp or whether the tendency to exclude the homopolymer is proportional to homopolymer length. However, the following considerations seem to favor the latter possibility. First there is the observation, mentioned above, that even the short poly(dT)2 Q sequence appears to be selected against slightly in the reconstitutes. Second there is the observation that the reconstituted closely-spaced dinucleosomes, in contrast to the core particles, do contain low but significant levels of the poly(dT) 80 tract. Since core particles are essentially devoid of poly(dT) g0 this implies that the opportunity to share this long sequence between two cores (i.e. reducing to 40 bp the average length incorporated per core) correspondingly increases its structural acceptibility. Also consistent with there being a gradual rather than a discrete length dependence is the behavior of the "mystery" tracts, x and y, of intermediate length in Figure 7B , which are recovered, but in clearly reduced amounts, from the core particles. We have confirmed that x and y are poly(dT) tracts (see legend to Fig. 5 ) and suspect that they arise from minor rearranged populations of phage DNA in our preparation (the mH2 phage was not plaque purified for our experiments).
DNA Sequence Aversion and the Positioning of Nualeosomes in Chvomatin.
A DNA sequence with strong aversion to being included within nucleosomes has the obvious potential to specify the positions of nucleosomes with respect to DNA sequence in chromatin. Clearly any sequence with such properties would occur preferentially in spacer regions and could thus specify the positions of the flanking nucleosomes. Longer stretches could specify nucleosome free regions. However even segments as short as 20 bp could also play a role in nucleosome positioning. Since a 20 bp segment of poly(dA)-poly(dT) maintains its characteristic structure in solution even when flanked by natural DNA of differing pitch, 5 ' 6 it seems unlikely that its inclusion within a nucleosome would be without consequence. For example such a segment may exert a strong preference toward being placed between the sites of tightest histone-DNA 17 19 contact ' In the nucleosome core and additionally may prefer the "wing" domains which are more conformationally flexible. 59 Thus even a 20 bp segment of poly(dA)-poly(dT) could serve to position nucleosomes. It is interesting that such segments are found in the 5' flanking domains of many genes at locations presumed to have regulatory significance. ' ' ' l Perhaps segments less obviously recognizable in sequence but similar in function reside near other eukaryotic genes. We are currently testing these possibilities using cloned genomic g-globin genes from chicken.
One of these has already been shown to contain a 16 bp poly(dG)-poly(dC) segment in its 5' flanking domain. 26 Poly(dG)-poly(dC), like poly(dA)-poly(dT), does not support nucleosome formation. 22 ' 23 
